An experimental detection of graviton is extremely hard problem, however, there are different ways to evaluate a graviton mass if it is non-vanishing. Theories of massive gravity or theories with non-vanishing graviton mass initially have a number of pathologies such as discontinuities, ghosts etc. In last years theorists found ways to overcome weaknesses of such theories meanwhile observational features are also discussed. In the first publication reporting about the discovery of gravitational waves from the binary black hole system the LIGO-Virgo collaboration obtained the graviton mass constraint around 1.2 × 10 −22 eV (later the estimate was improved with new data). A comparable and consistent graviton mass constraint around 2.9 × 10 −21 eV has been obtained from analysis of the bright star S2 trajectory near the Galactic Center.
Theories of massive gravity
A few years ago Freeman Dyson discussed an opportunity to detect graviton and he concluded that at the moment an experimental detection of graviton is an extremely hard problem 1 , however, if a graviton has a mass as it is done in the framework of theories of massive gravity, then there are different ways to constrain its mass. In the paper we discuss the issue in more details. A theory of massive gravity has been introduced by M. Fierz and W. Pauli in 1939
2 . In seventies a discontinuity of such approach for m g → 0 (where m g is a graviton mass) has been found [3] [4] [5] . However, as it was the so-called screening could resolve the issue 6 (see also subsequent studies in 7, 8 ) and the approach is very close to GR within natural assumptions. Another pathology had been described 9, 10 where the authors found a presence of ghosts and inconsistencies in gravity theories with a finite range, now such phenomena are usually called as Boulware -Deser ghosts. Different ways to create ghost-free massive gravity theories were discussed by Rubakov and Tinyakov 7 including options when Lorentz invariance is violated. Some years ago, two parameter family graviton potential or ghost-free massive gravity has been proposed 11, 12 , which is called now as de Rham -Gabadadze -Tolley (dRGT) gravity model (see also more recent reviews 13, 14 for more comprehensive discussions). A bi-metric theory of gravity with a massive graviton and its cosmological consequences were subjects of intensive studies by academician A. A. Logunov and his group [16] [17] [18] [19] [20] [21] [22] [23] [24] at the period when such alternative theories of gravity were not very popular as nowadays and a few decades ago it was a common opinion that a graviton mass must be vanishing due to presence of pathologies such as discontinuities and ghosts.
Due to intensive developments in last years theories of massive gravity may be treated now as respectable approaches and it would be reasonable to discuss their features and possible differences from conventional GR in observational predictions.
Different observational constraints for graviton mass
Perhaps first estimates of graviton mass have been given F. Zwicky 25 as m g < 5 × 10 −64 g since according to his opinion the Newtonian law has to be valid for galactic clusters a (a few years earlier he discuss an opportunity that the fundamental gravity law has to be valid for scales of galactic clusters because it is checked in a reliable way while for longer scales it may be changed 27 and for such scales an impact of the cosmological Λ-term may be significant). M. Hare used Galactic scale to estimate Compton mass for graviton 28 , while typical size of galactic clusters has been used in paper 29 , thus the authors obtained m g < 2×10 −62 g (for a typical galactic cluster size λ g < 3.7 Mpc). If one uses the cosmological length scale 18, 19 , then
−66 g is "Hubble mass" and H 0 = h 100 × 100 km/(s Mpc) is the current Hubble constant (h 100 is a useful dimensionless parameter). Practically, in first papers where people discussed observational constraints, there exist not real graviton mass estimates but expectations from future observations and related theoretical analysis because possible uncertainties and systematics were not taken into account. Therefore, many estimates are model dependent.
Observations of pulsars could give a nice opportunity to evaluate a graviton mass. Binary pulsars provide a remarkable test of GR predictions that their orbits have to be shrinking due to gravitational radiation and it firstly was observed for a Similar idea had been used in paper 26 where the authors obtained the estimate mg < 5 × 10 −62 g (the authors also discussed also opportunity to constrain a graviton mass from Solar system data). As it was noted by V. L. Ginzburg, in astronomy ten is equal to one, but for so small (or big) quantities very often one hundred (or even one thousand) is equal to one, moreover, in astronomy estimates for lengths and masses (and related quantities) are significantly changing with time because an evaluation of lengths in astronomy is often model dependent.
Hulse -Taylor pulsar PSR B1913+16. In addition, it was shown 30 evolutions of orbits for the binary pulsars PSR B1913+16 and PSR B1534+12 constrained the graviton mass at a level 7.6×10 −20 eV with 90% C.L. As it was noted many years ago predicted and observed time of arrivals for pulsar residuals may be used for detection of gravitational waves. 31 Current and future pulsar timing arrays may be used not only for detection of gravitational waves but also to obtain graviton mass constraints for different programs for observations at a level around [3 × 10 −23 , 3 × 10 −22 ] eV as it was shown by Lee et al. 32 and these constraints can be improved with a more sophisticated data analysis. 33 A number of other options to constrain a graviton mass from observations are given in reviews.
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3. Graviton mass constraints from the discovery of gravitational waves
C. Will's idea
Around 20 years ago C. Will considered an impact on observations of gravitational waves from the assumption that gravitons are massive 35 (see also 36 ), then one has the well-known dispersion relation
where E, v g and m g are graviton energy, its velocity and mass, respectively. Therefore, to evaluate a graviton mass one has to compare a speed of gravity and speed of light from observations. If there exist a source of gravitational waves and electromagnetic radiation such as supernovae or γ-ray burst (GRB) than one can evaluate 1 − v g /c
and ∆t = ∆t a − (1 + z)∆t e ,
where ∆t a = t ) are arrival (emission) time of electromagnetic radiation and arrival (emission) time for gravitational waves. As it was noted 35 , usually ∆t e is not known because there exist uncertainties in a source of electromagnetic radiation and gravitational waves, however, sometimes one can evaluate an upper limit for the quantity. Assuming that a graviton mass is small in comparison with energy of gravitational waves 
As it was noted 35 , one can use Eq. (4) if there exist gravitational and electromagnetic radiation from one source at a detectable level and ∆t e is known or can be evaluated with a sufficient accuracy. However, one can constrain a graviton mass even in the case if there is only a gravitational wave signal without electromagnetic counterpart at a detectable level. 35 Really, if graviton is massive then graviton with higher frequencies propagate faster and as a result a gravitational wave signal will be different from a signal for a theory with massless graviton. For numerical estimate, one can change f ∆t ∼ ρ −1 ≈ 10 (where ρ is a signal-to-noise ratio) for LIGO-Virgo ground based interferometers. 35 For LISA space-based detectors a graviton mass constraint can be much smaller, so it may be at a level 2.5 × 10 −22 eV for ground based LIGO-Virgo detectors and at a level 2.5 × 10 −26 eV for LISA. 35 A combined observations of 50 events in two-year LISA mission can improve previous estimates of graviton mass. 
Graviton mass constraints from first LIGO events
In February 2016 the LIGO-Virgo collaboration reported about the first detection of gravitational waves from a merger of two black holes (it was detected on September 15, 2015 and it is called GW150914) 38 . The source is located at a luminosity distance of around 410 Mpc (which corresponds to a redshift z ≈ 0.09. The initial black hole masses were 36M ⊙ and 29M ⊙ and the final black hole mass is 62M ⊙ , therefore around 3M ⊙ radiated in gravitational waves in 0.1 s. The collaboration not only discover gravitational waves but also found the first binary black hole system and one of the most powerful source of radiation in the Universe and energy was release in gravitational waves. Moreover, the team constrained the graviton Compton wavelength λ g > 10 13 km which could be interpreted as a constraint a graviton mass m g < 1.2 × 10 −22 eV. 38 The authors analyzed possible changes of the dispersion relation for massive gravitons as it was discussed in paper.
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In June 2017 the LIGO-Virgo collaboration published paper where the authors described a detection of gravitational wave signal from a merger of binary black hole system with masses of components 31.2M ⊙ and 19.4M ⊙ at distance around 880 Mpc which corresponds to z ≈ 0.18. 39 In this case, around 2M ⊙ were emitted in gravitational waves in around 0.4 s. The event was observed on January 4, 2017 and it is named GW170104. In this paper the authors improved their previous graviton mass constraint almost in two times, m g < 7.7 × 10 −23 eV. 
Graviton mass constraint and the neutron star merger GW170817
On August 17, 2017 the LIGO-Virgo collaboration observed a merger of binary neutron stars with masses around 0.86M ⊙ and 2.26M ⊙ at a distance around 40 Mpc (GW170817) and after 1.7 s the Fermi-GBM found γ-ray burst GRB 170817A associated with the GW170817. 40, 41 Since gravitational wave signal was detected before GRB one could conclude that the observational data are consistent with massless or very light graviton, otherwise, electromagnetic signal could be detected before gravitational one because in the case of relatively heavy gravitons gravitational waves could propagate slower than light. Constraints on speed of gravitational waves have been found 41 −3 × 10 −15 < (v g − c)/c < 7 × 10 −16 . Graviton energy is E = hf , therefore, assuming a typical LIGO frequency range f ≈ 100, from Eq. (1) one could obtain a graviton mass estimate m g < 3.2 × 10 −20 eV which a slightly weaker estimate than previous ones obtained from binary black hole signals detected by the LIGO team.
Graviton mass constraints from analysis of trajectories of bright stars at the Galactic Center
Observations of bright stars in IR band provide a very efficient tool to evaluate a gravitational potential at the Galactic Center (see, papers 42, 43 and references therein). Such observations give an opportunity to evaluate parameters of black hole and bulk distribution of mass in a stellar cluster and dark matter 44 . One could use these data to constrain alternative theories of gravity such as R n 45 or Yukawa theory. 46 If we apply our consideration for gravity theories with massive graviton and we use observational data for S2 star we obtain that 2.9 × 10 −21 eV with 90% C.L.
47 (see also discussion [48] [49] [50] ). Our estimate for graviton mass is slightly weaker than the LIGO ones, but it is independent and consistent with LIGO results. In the future the current graviton mass estimate obtained from analysis of S2 data can be significantly improved with forthcoming facilities such GRAVITY, TMT and E-ELT.
